Strong light-matter interactions are critical for quantum technologies based on light, such as memories or nonlinear interactions. Solid state materials will be particularly important for such applications, because of the relative ease of fabrication of components. Silicon vacancy centers (SiV − ) in diamond feature especially narrow inhomogeneous spectral lines, which are rare in solid materials. Here, we demonstrate resonant coherent manipulation, stimulated Raman adiabatic passage, and strong light-matter interaction via four-wave mixing of a weak signal field in an ensemble of SiV During the past decade, color centers in diamond have emerged as important systems for quantum information processing (QIP) [1, 2] , as well as for quantum sensing and metrology applications [3, 4] . While the nitrogen vacancy center (NV − ) has dominated recent research [5] its prominent phonon sidebands (Debye-Waller factor, DWF ≈ 0.04) [6] severely limit rates in probabilistic entanglement schemes and hence its applicability in QIP [7] . Recently, the negatively-charged SiV − emerged as a promising alternative system, offering remarkable optical properties such as a dominant zero-phonon line fluorescence at 737nm (DWF ≈ 0.8) [8] and narrow inhomogeneous distributions of the SiV − resonance of single centers in the range of only a few hundred MHz for samples of low emitter density [9] . In combination with efficient coupling to diamond nanostructures [10, 11] and microwave- [12] as well as all-optical coherent control [13, 14] , this potentially allows the realization of highlyefficient coherent spin-photon interfaces [15] using single SiV − centers.
During the past decade, color centers in diamond have emerged as important systems for quantum information processing (QIP) [1, 2] , as well as for quantum sensing and metrology applications [3, 4] . While the nitrogen vacancy center (NV − ) has dominated recent research [5] its prominent phonon sidebands (Debye-Waller factor, DWF ≈ 0.04) [6] severely limit rates in probabilistic entanglement schemes and hence its applicability in QIP [7] . Recently, the negatively-charged SiV − emerged as a promising alternative system, offering remarkable optical properties such as a dominant zero-phonon line fluorescence at 737nm (DWF ≈ 0.8) [8] and narrow inhomogeneous distributions of the SiV − resonance of single centers in the range of only a few hundred MHz for samples of low emitter density [9] . In combination with efficient coupling to diamond nanostructures [10, 11] and microwave- [12] as well as all-optical coherent control [13, 14] , this potentially allows the realization of highlyefficient coherent spin-photon interfaces [15] using single SiV − centers.
The electronic structure of the center is displayed in Fig. 1(a) and consists of two-fold spin-degenerate orbital doublet ground and excited states in which the orbital components are split apart by strong spin-orbit (SO) interactions, leading to splittings of δ g =48 GHz in the ground and δ e =259 GHz in the excited state [17, 18] , with spin and orbital coherence times limited to T * 2 ≈ 40 ns at liquid helium temperatures by phonon-induced dephasing processes [19] [20] [21] . Ground state spin coherence times can be increased to milliseconds at sub-kelvin temperatures [14, 22] . At zero magnetic field and at cryogenic temperatures this level structure results in a characteristic four-line fine structure of the zero-phonon line (ZPL) [23] , forming an optically accessible orbital double-Λ-type system, enabling a multitude of optical coherent control schemes [24] [25] [26] . The SiV − is a trigonal-antiprismatic − ensemble used throughout this work (light blue) [16] . A fit of the spectrum to a set of Gaussian spectral lines indicates an inhomogeneous broadening of ≈ 10 GHz of transitions A, B, C, D (dark blue). Grown with a natural silicon isotope distribution, the sample displays twelve optical transitions (D" transition not included in measurement).
complex featuring a silicon atom in a split-vacancy configuration in between two empty carbon lattice sites and six nearest-neighbour carbon atoms [18, 27] . The resulting inversion symmetry renders the system insensitive to first-order Stark shifts [9] , enabling narrow spectral distributions of centers even in non-ideal crystal environments. Even in dense ensembles [28] , the inversion symmetry of SiV − centers offers an inhomogeneous broadening in the low GHz regime [16] . Such narrow inhomogeneous linewidths are not achievable with other solid-state quantum systems such as NV centers [29, 30] , quantum dots [31] , or rare-earth-doped crystals [32] . This allows for fundamental studies and applications in the fields of strong coherent light-matter interactions and single pho-ton nonlinearities, which so far have been reserved for systems such as single atoms coupled to optical cavities [33] , ultra-cold Rydberg-atoms [34] , or cold as well as hot atomic vapors [35, 36] . In contrast, SiV − ensembles offer high photon interaction cross-sections even in small sample volumes and thus allow for the observation of similar effects in compact and scalable devices in the solid state, suitable for integration with waveguides and on-chip photonic structures.
In this Letter, we present a suite of coherent manipulations along with strong, collectively-enhanced lightmatter coupling in a mesoscopic SiV − ensemble. The orbital coherence allows for fast manipulation, even at zero magnetic fields [30] , where we capitalize on previous work on all-optical ultrafast coherent control of single SiV − centers [13, 14, 37] . Specifically, we here demonstrate resonant Ramsey interference, optical Hahn echo, and stimulated Raman adiabatic passage (STIRAP) in SiV − ensembles. Furthermore, we observe strong lightmatter interactions in the form of absorption and amplification of weak coherent fields by four-wave mixing (FWM).
In Fig. 1 (b) a photoluminescence excitation (PLE) measurement of the SiV − ensemble used in this work is shown. The ensemble consists of a ∼300 nm thick SiV − -doped layer homoepitaxially grown on top of a preselected type Ib high-temperature-high pressure (HPHT) diamond substrate using a silicon source with a natural isotope distribution resulting in an ensemble displaying twelve optical transitions [16, 28] . The main lines A-D correspond to SiV − centers containing 28 Si, while energetically shifted transitions correspond to centers containing 29 Si (A'-D') and 30 Si (A"-D"), with intensity ratios matching the natural isotope abundances [28, 38] . The Gaussian inhomogeneous linewidth of each main optical transition of this sample is ≈ 10 GHz, only about a factor of 100 larger than the natural linewidth of single SiV − centers and smaller than δ g , allowing for ultrafast manipulation of individual optical transitions even without the application of electric or magnetic fields.
To model coherent interactions in such an ensemble of emitters we developed an optical Bloch equation (OBE) model. The temporal evolution is governed by the master equation in Lindblad form,
where H is the orbital four-level interaction Hamiltonian in rotating wave approximation, ρ is the density matrix of a single SiV − center, and where we have introduced the spontaneous decay rates Γ ij (i = j) and pure dephasing rates Γ ii , following [13] . The coherent evolution of the ensemble was described by numerically solving Eq. (1) for a number of individual SiV − centers, each with a different resonance frequency, i.e. different detuning relative to the applied electromagnetic fields, to account for the inhomogeneous broadening defined by a Gaussian distribution. The solutions for the individual emitters are then weighted by the amplitude of the Gaussian at the respective detuning and averaged.
In order to validate this theoretical model, resonant Ramsey interference measurements were performed using a sequence of two 12 ps long optical pulses with variable delay τ resonantly applied to transition C of the ensemble, preparing a coherence between the lower ground state |1 and the lower excited state |3 of the ensemble. The pulse sequence and the addressed optical transitions are given in Fig. 2 (a) and (b) . The fluorescence intensity as a function of the delay τ is measured, which reflects the upper state population after the pulse sequence. In Fig. 2 (c) individual fringes oscillating at optical frequencies were not resolved and only the upper and lower envelopes are shown for both measurements. With an inhomogeneous broadening of 10 GHz inferred from Fig. 1(b) and the transition rates measured for a single emitter in [13] as input parameters, the OBE ensemble model appropriately describes the resulting Ramsey fringe decay averaging over only a small number of ten emitters in the model and thus limiting its numerical complexity. An excitation-induced dephasing of about 450 MHz, most- likely related to phonon broadening by the applied laser pulses, has to be added to match the measured coherence decay. Similar effects have already been observed for single SiV − centers using ultrafast laser pulses [13] . The observed fringe decay indicates an inhomogeneous coherence time of T * 2 = 65(8) ps, about a factor of 15 lower than what has been observed for single centers [13] . This is caused by a relative dephasing of individual emitters in the ensemble with different Larmor frequencies due to their varying detuning relative to the applied optical field.
Using an optical Hahn echo sequence, we explored the possibility of counteracting this dephasing which is caused by local variations of the static strain field in the sample. The measured Hahn echo envelopes result in an improved coherence time of T echo 2 =187(31) ps. An excitation-induced dephasing of about 900 MHz needed to be added, in accordance to the doubled total pulse area in comparison to the Ramsey interference pulse sequence. Our model indicates that, in principle, values equivalent to the single-emitter coherence time can be reached with this technique. Albeit dephasing can be suppressed further by optimizing thermal anchoring, the observed increase in coherence time outlines the great potential of similar echo sequences in future experiments to mitigate the effects of the remaining inhomogeneous broadening.
This set of experiments demonstrate coherent manipulation of the ensemble involving its excited state, however, for many applications it is desirable to access the longer-lived and more narrowband ground state coherence. This coherence can be addressed optically using off-resonant two-photon Raman transitions for which the ground state coherence time of the ensemble can be estimated to T * 2,g ≈ 100 ps, in conformity with coherent population transfer (CPT) measurements [16, 39] . Here, we first demonstrate the feasibility of ensemble Raman transitions by inducing a coherent population transfer between the two ground states |1 and |2 by implementing STIRAP using ultrafast off-resonant signal and control pulses [25, 40] . For this, initialization of the system in |1 and readout of the resulting population of |2 is realized by means of optical pumping, resonantly driving transition D with two subsequent 100 ns long pulses as displayed in Fig. 3 (a) , reducing the population ρ 22 in |2 from its thermal equilibrium value of ρ 22 =37% at 5 K to a minimum of ρ 22 =19%, 6 ns after the end of the pump pulse, limited by the competition between optical pumping and relaxation between the ground states with a time constant of T orbit 1 = 27(8) ns [39] . With the same delay from the pump pulse, in between the two resonant pulses, the two Raman pulses are then applied, leading to a coherent population transfer from |1 to |2 as indicated by the strong increase of the readout pulse rising edge fluorescence in Fig. 3 (b) . This peak corresponds to a population in |2 of ρ 22 = 49%. All population values are inferred from the OBE model. The model further reveals that the population transfer in the limit of ultrashort Raman pulses and zero relative pulse delay is bidirectional between |1 and |2 with the same transfer efficiency η such that in the case of perfect efficiency the populations in the ground states are swapped. Therefore, the final population ρ f 22 after STIRAP is limited by the initial population ρ i 22 in |2 given by imperfect initialization. Whereas the simulation predicts a transfer efficiency maximum close to 100% [39] , in the experiment, a transfer efficiency of η = (ρ Furthermore, population transfer was suppressed by tuning the fields out of two-photon resonance and increasing their temporal delay as expected for a two-photon process [39] .
In a final experiment, we reduced the strength of one of the laser fields, using it as a signal field, while the other, strong field, is used as a control field. We then directly measured the signal's gain and absorption induced by its interaction with the SiV -ensemble driven by the control field. With the same blue detuning of ∆ = 70 GHz as in the experiments above, here, in contrast to those experiments, the signal field is measured after transmission through the diamond sample. In order to measure the weak signal field, all other wavelengths are suppressed by a polarizer and a fibre-coupled grating filter setup [39] . Both absorption and amplification were observed for the weak signal field, depending on the relative phase between the signal and control arm of the setup. By fine-tuning the delay between the pulses near the point of full temporal overlap, the relative phase between them could be adjusted without significant change of the overlap itself. A maximum of ≈ 80% absorption and ≈ 60% amplification were reached after subtraction of the residual control field. All measured fields after filtering are shown in Fig. 4 (a) . In measurements, saturation of absorption and amplification was reached when increasing the power of the control field [39] . Therefore, for the given detuning, both effects are most likely limited by the optical density of the sample.
Absorption and amplification can be explained by an off-resonant FWM process with an additional Stokes field. The signal and control field are generated in separate beam paths by etalons of the same type from the same laser pulse. As well as preparing the control field, this configuration produces unintentionally an additional field at the Stokes frequency by means of leakage through the low-energy tail of the control field etalon [39] . The Stokes, control, and signal pulses arrive at the same time after the pump pulse and with a fixed phase relation at the ensemble as can be seen in the schematic pulse scheme of Fig. 4 (b) . Within the SiV − ensemble, FWM takes place because the control field couples to both ground states, generating a double-Λ system via two virtual excited states and, together with signal and Stokes fields, creates a parametric scattering route as indicated in Fig. 4 (c) . Both Λ-systems interact via the ground state coherence B (spin wave). The third-order susceptibility is enhanced by the parametric scattering route, increasing the FWM process in this thin ensemble of low optical density [41] .
The interaction of the fields can be described by the linearised Maxwell-Bloch equations in the adiabatic approximation [42] . These equations have been modified to account for the initial population distribution set by the limited pumping power and the rethermalization of the ground states [39] . The relative phases of the signal, control, and Stokes fields determines whether the signal field will be absorbed or amplified [39] . The phase dependence arises from seeded Raman scattering where the phase of each field is set as an initial condition [43, 44] . Simulations show that the signal and Stokes fields are both amplified or absorbed under the same phase conditions. Therefore, an energy transfer between these two fields can be excluded and energy is only transferred between them and the control field.
By applying active phase stabilization fixing the relative phase between the signal field and the arm containing control and Stokes field, we were able to switch between absorption and gain in a controlled way [39] . Similar phase-sensitive effects involving resonant coherent population trapping in warm helium cells [45, 46] , as well as, off-resonant FWM interactions in a double-Λ system in warm rubidium vapour [47] have been observed recently.
In conclusion, we have shown both single-photon and two-photon coherent manipulation of an ensemble of SiV -centers and demonstrated the potential of optical Hahn echo schemes to further remedy the effects of the residual inhomogeneous broadening. Moreover, we demonstrated strong light-matter interactions in this only 300 nm thick ensemble by implementing STIRAP and by showing efficient absorption and amplification of weak coherent states by strong seeded off-resonant FWM, both depending on the relative phase between the signal, control, and Stokes pulses. This outlines the great potential of SiV -ensembles to realize integrated devices relying on strong light-matter interactions and single photon nonlinearities. The ability to coherently manipulate ensembles of SiV − centers will enable Raman-based optical quantum memories [26, 48] . Furthermore, controlled parametric scattering routes reveal a wide applicability to single photon switches [49] or single photon nonlinearities [50] [51] [52] . The techniques employed in this work involving the orbital levels of the SiV − seamlessly extend to the center's spin sublevels, enabling access to a potentially long-lived degree of freedom [14, 22] . Moreover, these experiments form the foundation for similar work using other inversion symmetric defects in diamond such as GeV [53] , SnV [54] , or NiV [55] ensembles, which may combine outstanding spectral with optimized electron spin properties and even larger bandwidths due to enhanced spin-spin and spin-orbit interactions.
